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The usual transformations of the three-dimensional (3D) fields E and B that are found in [1] ([1] A. Einstein, Ann.
Physik 17, 891 (1905)) are always considered to be the relativistically correct Lorentz transformations (LT) of E
and B. However, as proved in, e.g., [2] ([2] T. Ivezic´, Found. Phys. Lett. 18, 301 (2005)), these transformations
drastically differ from the LT of the relativistically correct 4D electric and magnetic fields. In this paper a simple proof
of that difference will be presented and the consequences for EDM experiments and for some quantum phase shifts
experiments are briefly examined. In all such experiments the usual 3D quantities, e.g., E, B, ... are measured and
their relativistically incorrect transformations are used, but not the relativistically correct 4D geometric quantities,
e.g., Ea, Ba, ... and their LT.
PACS numbers: 03.30.+p, 03.50.De, 13.40.Em
Introduction. - It is generally accepted by physics community that there is an agreement between the classical
electromagnetism and the special relativity (SR). Such an opinion is prevailing in physics already from Einstein’s
first paper [1] on SR. The usual transformations of the three-dimensional (3D) vectors of the electric and magnetic
fields, E and B respectively (hereafter called the “apparent” transformations (AT)), are always considered to be the
relativistically correct Lorentz transformations (LT) of E and B. (The vectors in the 3D space will be designated
in bold-face.) However, it is recently proved [2] in the Clifford, i.e., geometric, algebra formalism that the AT of
E and B differ from the LT (boosts) of the corresponding 4D quantities that represent the electric and magnetic
fields. The AT of E and B are first derived by Lorentz [3] and Poincare´ [4,5] and independently by Einstein [1] and
subsequently derived and quoted in almost every textbook and paper on relativistic electrodynamics, e.g., [6] Eqs.
(11.148) and (11.149). The proof (in the tensor formalism) that the AT of E and B are not the LT is given in [7] and
in the geometric algebra formalism in [2] and [8] (a more pedagogical version, on-line at: http:/fizika.phy.hr). The
fundamental difference is that in the AT, e.g., the components of the transformed E′ are expressed by the mixture
of components of E and B, and similarly for B′. However, the correct LT always transform the 4D algebraic object
representing the electric field only to the electric field, and similarly for the magnetic field, as in (5). The results
from [7] and [2] are used to investigate the LT and the AT of the Maxwell equations with E and B in [9]. There it
is shown that the Lorentz transformed Maxwell equations are not of the same form as the original ones. This proves
that, contrary to the general opinion, the usual Maxwell equations are not covariant under the LT but under the
relativistically incorrect AT.
Comparisons with experiments, the motional emf [2], the Faraday disk [9] and the Trouton-Noble experiment
[10,11], show that the approach with 4D geometric quantities always agrees with the principle of relativity and it
is in a true agreement (independent of the chosen inertial reference frame and of the chosen system of coordinates
in it) with experiments. This is not the case with the usual approach in which the electric and magnetic fields are
represented by E and B that transform according to the AT. (The name AT is introduced by Rohrlich [12] for the
Lorentz contraction; the Lorentz contracted length and the rest length are not connected by the LT; they do not
refer to the same 4D quantity.) In [13] some well-known experiments, e.g., the Michelson-Morley type experiments,
are analyzed using Einstein’s formulation of SR [1], which deals with the AT (the AT of synchronously defined
spatial length , i.e., the Lorentz contraction and the AT of the temporal distance, i.e., the conventional dilatation
of time), and the new one which exclusively deals with 4D geometric quantities. It is shown that all experiments
that test SR are in a true agreement with the geometric formulation. On the other hand the agreement between the
experiments that test SR and Einstein’s formulation of SR [1] is not a true agreement since it depends on the chosen
synchronization, e.g., Einstein’s synchronization [1] or a drastically different, nonstandard, “radio” synchronization.
For different synchronizations see, e.g., [14] and the second paper in [13], where both synchronizations are used. This
true agreement with experiments directly proves the physical reality of the 4D geometric quantities.
In this paper we shall present another, simple, but correct proof, that the AT of E and B completely differ from
the LT of the 4D quantities that represent the electric and magnetic fields. Firstly Rosser’s derivation [15] of the AT
of E and B will be presented and then the objections to such derivation will be exposed. It will be shown that the
analogous derivation but with relativistically correct 4D quantities lead to the correct LT of 4D geometric quantities
Ea and Ba. Furthermore, the experimental searches for an electric dipole moment (EDM) of a fundamental particle
and their use of the AT of E and B will be discussed.
2Rosser’s derivation [15] of the AT of E and B. - A nice example of the derivation of the AT that uses the 3D
quantities is given in [15] Sec. 6.3. In that derivation it is supposed that the usual expression for the Lorentz force
as a 3D vector must be of the same form in two relatively moving 4D inertial frames S and S′, Eqs. (6.42) and
(6.43) in [15]; in S, FL=qE + qu × B and in S
′, F′L=qE
′ + qu′ × B′, where u and u′ are the 3D velocities of a
particle. Then, in [15] Eqs. (1.53)-(1.55), the usual transformations of components of F are presented, which we write
as F ′x = [Fx − (βu/c)(Fu)]/(1 − (βuux/c)), F
′
y,z = Fy,z/γ(1 − (βuux/c)). Substituting here the components of FL
and F′L and the components of u and u
′, which are given by the usual transformations of the 3D velocity, e.g., Eqs.
(1.26)-(1.28) in [15], or Eq. (11.31) in [6], Rosser derives the AT of the components Ex,y,z and Bx,y,z of E and B.
They are Ex = E
′
x, Ey = γ(E
′
y+βcB
′
z), Ez = γ(E
′
z−βcB
′
y) and Bx = B
′
x, By = γ(B
′
y−βE
′
z/c), Bz = γ(B
′
z+βE
′
y/c).
These relations are Eqs. (6.40) and (6.41) in [15] or Eq. (11.148) in [6], or the transformations derived in Sec.6 in [1].
Then E′ and B′ as geometric quantities in the 3D space are constructed in S′ in the same way as in S, i.e., multiplying
the spatial components E′x,y,z and B
′
x,y,z by the unit 3-vectors i
′, j′, k′. This yields the usual transformations of E
and B, e.g., [15] Eqs. (6.40a) and (6.41a), or [6] Eq. (11.149). Both the transformations for the spatial components
Ex,y,z, Bx,y,z and for E, B are typical examples of the AT.
There are different shortcomings in the considered Rosser’s derivation. They are:
(i) The form invariance of the 3D Lorentz force doesn’t follow from any physical law; the principle of relativity
doesn’t say anything about the form invariance of the 3D quantities. In [2] it is also shown that the form invariance
of the 3D Lorentz force doesn’t agree with experiments on the motional emf.
(ii) The forces F, F′ are constructed from the components Fx,y,z, F
′
x,y,z and the unit 3-vectors i, j, k, and i
′, j′, k′
respectively. There are not either the LT or the AT which transform the unit 3-vectors i, j, k into the unit 3-vectors
i′, j′, k′. Consequently F′L is not obtained by the LT from FL.
(iii) In the geometric approach the physical meaning is attributed only to the 4D geometric quantities. The LT
always correctly transform the whole 4D quantity and they do not refer to some parts of 4D quantities like components
of F. This means that the transformations of components of F are not well-defined in the 4D spacetime and they are
not the LT but the AT.
The same objections hold for the well-known transformations of u.
Furthermore, the above AT of Fx,y,z are derived supposing that the “relativistic” equations of motion have the
same form in two relatively moving inertial frames S and S′, i.e., F = dp/dt in S and F′ = dp′/dt′ in S′, where
p =mγuu, γu = (1 − |u|
2
/c2)−1/2, see, e.g., Eqs. (1.39) and (1.40) in [15], or Sec. 12.2 and 12.3 (with the Lorentz
force) in [6].
However, as shown in, e.g., [16], a 3D quantity cannot correctly transform under the LT, which means that it does not
have an independent physical reality in the 4D spacetime; it is not the same quantity for relatively moving observers
in the 4D spacetime. Hence, it is not true that the the above equations with 3-vectors are the relativistic equations
of motion since the primed 3D quantities are not obtained by the LT from the unprimed ones, but they are obtained
in terms of the AT of F and p.
Instead of the equations with F and p one has to use the equation of motion with 4D geometric quantities,
Ka = dpa/dτ , pa = mua, where pa is the proper momentum (4-vector), τ is the proper time and Ka is a 4D force (4-
vector), e.g., the Lorentz force KaL as a 4-vector, which is given below. The 4-vectors K
a, pa, ua are correctly defined
quantities in the 4D spacetime, both theoretically and experimentally. They are defined without reference frames.
Latin indices a,b,c,d are to be read according to the abstract index notation, as in [17] and [13,14,18]. When some
basis has been introduced (here the standard basis {γµ}) then, e.g., K
a, is represented in that basis as Ka = Kµγµ,
where γµ are the basis 4-vectors and K
µ are the components; Greek indices run from 0 to 3 and they denote the
components of the geometric object, Ka. The {γµ} basis corresponds to the Einstein system of coordinates; the
Einstein synchronization [1] of clocks and Cartesian spatial coordinates.
In contrast to awkward transformations of the components of F, and the similar ones for u, the LT of the components
Kν of the 4-vector Ka are very simple
K ′0 = γ(K0 − βK1), K ′1 = γ(K1 − βK0), K ′2,3 = K2,3 (1)
(for the boost in the γ1 direction). The same holds for the components of p
a and ua. Observe that Ka is the same
quantity for relatively moving 4D observers, Ka = Kµγµ = K
′µγ′µ. The components K
µ transform by the LT (1) and
the basis 4-vectors γµ transform by the inverse LT thus leaving the whole 4D quantity invariant under the passive
LT. It is completely different than in the AT of the components of F.
The derivation of the LT of Ea and Ba. - Let us apply the same procedure as in Rosser’s derivation [15] of the
AT of the components of E and B, but now with well-defined 4D quantities, the 4D Lorentz force, KaL = (q/c)F
abub,
and ub, the 4-velocity of a charge q. It will be shown that the result of such procedure will be the LT of the 4-vectors
Ea, Ba, i.e., of their components Eµ, Bµ and not the AT of Ex,y,z, Bx,y,z. The decomposition of F
ab in terms of Ea
and Ba, see, e.g., [14], [9], is given by
3F ab = (1/c)(Eavb − Ebva) + εabcdvcBd,
Ea = (1/c)F abvb, B
a = (1/2c2)εabcdFbcvd. (2)
The Ea and Ba are the electric and magnetic field 4-vectors measured by an observer moving with 4-velocity va in
an arbitrary reference frame, vava = c
2, and it holds that vaE
a = vbB
b = 0. Note that Ea and Ba depend not only
on F ab but on va as well. The frame of “fiducial” observers is the frame in which the observers who measure Ea and
Ba are at rest. That frame with the standard basis {γµ} in it is called the γ0-frame. In the γ0-frame v
a = cγ0, which,
with (2), yields that E0 = B0 = 0 and Ei = F i0, Bi = (1/2c)εijk0Fjk . Thus, in the γ0-frame only spatial components
Ei and Bi remain and they correspond to the components of E and B. The equation (2) indicates that F ab can be
taken as the primary quantity for the whole electromagnetism. Ea and Ba are then derived from F ab and va. Such
formulation, but in the geometric algebra formalism, is presented in [10]. The Lorentz invariant field equations with
Ea and Ba (i.e., with 1-vectors E and B) are presented in [14], [9] (i.e., in [9], [19]). Such field equations but with
the complex combination of Ea and Ba (i.e., of E and B), the 4D Majorana form, and also the Dirac-like equation
for the free photon are given in [14] (i.e., in [19]).
Substituting the decomposition of F ab (2) into the expression for the 4D Lorentz force KaL = (q/c)F
abub one finds
KaL = (q/c
2)[(vbub)E
a + εbacdvbuccBd − (E
bub)v
a]. When KaL is written in the {γµ} basis then it becomes
KaL = (q/c
2)[(vνuν)E
µ + ελµνρvλuνcBρ − (E
νuν)v
µ]γµ. (3)
Let us take that the S frame is the γ0 - frame in which v
µ = (c, 0, 0, 0). Then, using (1), we start with the component
K ′2L for which it holds thatK
′2
L = K
2
L. This equation corresponds to Eq. (6.44) in Rosser’s derivation [15]. Substituting
K2L and K
′2
L , which are determined by (3), into K
′2
L = K
2
L, that equation becomes
cu0E
2 − c2u1B3 + c
2u3B1 = cu0E
′2 − c2u1B
′
3
+ c2u3γ(B
′
1
+ βB′
0
), (4)
where it is used that v′µ = (γc,−γβc, 0, 0) (the “fiducial” observers are moving in S′) and the components u′µ are
determined by the LT from uµ, which are the same as (1). The equation (4) corresponds to Eq. (6.46) in Rosser’s
derivation [15]. Then, as in [15], Eq. (4) must be valid whatever the value of uµ. If uµ can have various values, then
the terms containing u0, u1 and u3 on the left-hand side of (4) must be equal to the terms containing u0, u1 and u3
on the right-hand side of (4) respectively. This leads to the equations
E2 = E′2, B1 = γ(B′1 + βB′0), B3 = B′3. (5)
Proceeding in the same way one can get the LT for all components Eµ and Bµ, which are the same as the LT (1).
Observe that the transformations of components in (5) are completely different than the AT of the corresponding
components Ey, Bx and Bz. The same fundamental difference would be found for all other components. This is very
simple and illustrative proof of the existence of the fundamental difference between the LT of the 4D quantities that
represent the electric and magnetic fields and the AT of E and B.
The obtained results will significantly influence the interpretations of measurements of an EDM, e.g., [20], [21]. In
all experimental searches for a permanent EDM of particles the AT of E and B are frequently used and considered to
be relativistically correct; i.e., that they are the LT of E and B. Thus, in a recent new method of measuring EDMs
in storage rings [20] the so-called motional electric field is considered to arise “according to a Lorentz transformation”
from a vertical magnetic field B that exists in the laboratory frame; E′ = γcβ ×B. That field E′ plays a decisive role
in the mentioned new method of measuring EDMs. Note that the field E′ is in the rest frame of the particle S′ but
the measurement of EDM is in the laboratory frame S. Similarly happens in [21] and many others in which ’motional
magnetic field’ B′ = (γ/c)E× β appears in the particle’s rest frame as a result of the AT of the E field from the
laboratory. The same interpretation with the AT of E and B appears when the quantum phase of a moving dipole is
considered, e.g., [22]. For example, when the Ro¨ntgen phase shift is considered then it is asserted in the second paper
in [22] that in “the particle rest frame the magnetic flux density B due to the magnetic line is perceived as an electric
field” E′ = v ×B. This is objected in [23].
However, the transformations of E and B are not the LT but the AT. They have to be replaced by the LT of Ea
and Ba. Then, the LT of components of a 4-vector, as in (1), transform Bµ from S again to B′µ in S′ and similarly
for Eµ; there is no mixing of components. Thus, in this 4D geometric approach, there is no induced E′ as in [20]
and [22], and there is no ’motional magnetic field’ B′ as in [21]. As shown in [18], and particularly in [24], the same
happens with dipole moments d and m and the corresponding 4-vectors da and ma.
Conclusions. - This proof of the fundamental difference between the AT and the LT of the electric and magnetic
fields strongly indicates that the experimentalists who search for an EDM, e.g., [20] and [21], and, e.g., those who
4observe the Aharonov-Casher phase shift, [25], will need to reexamine the results of their measurements taking into
account that the transformations of E, B, d, m are not the LT but the AT and replacing these AT by the LT of
the 4D geometric quantities Ea, Ba, da, ma. In our 4D spacetime an independent physical reality (in Minkowski’s
sense) has to be attributed to the 4D geometric quantities and the whole physics would need to be expressed by such
quantities and not, as generally accepted, by the relativistically incorrect 3D quantities with their AT.
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